Objective The aim of this study was to further elucidate the mechanisms of dual-phase technetium-99m methoxyisobutylisonitrile ( 99m Tc-MIBI) parathyroid imaging by exploring the association between early uptake results (EUR), delayed uptake results (DUR), and the retention index (RI) in dual-phase 99m Tc-MIBI parathyroid imaging and P glycoprotein (P-gp), multidrug resistance-associated protein 1 (MRP1), and glutathione S-transferase-π (GST-π) expression in hyperparathyroidism (HPT).
Tc-MIBI) parathyroid imaging by exploring the association between early uptake results (EUR), delayed uptake results (DUR), and the retention index (RI) in dual-phase 99m Tc-MIBI parathyroid imaging and P glycoprotein (P-gp), multidrug resistance-associated protein 1 (MRP1), and glutathione S-transferase-π (GST-π) expression in hyperparathyroidism (HPT).
Patients and methods Preoperative dual-phase (early and delayed) 99m Tc-MIBI imaging was performed on 74 patients undergoing parathyroidectomy for HPT. EUR, DUR, and RI were calculated. P-gp, MRP1, and GST-π expressions were assessed using immunohistochemistry in resected tissue from HPT and control patients. The association between P-gp, MRP1, and GST-π expressions and EUR, DUR, and RI in HPT was evaluated.
Results The positive rate of dual-phase 99m T c-MIBI imaging was 91.89% (68/74) and the false-negative rate was 8.11% (6/74). P-gp and GST-π expressions were higher in tissues resected from control compared with HPT patients (47.37 and 81.5%, P < 0.05); there was no difference in MRP1. EUR were associated with P-gp and GST-π expressions, and DUR were associated with MRP1 expression. There was a significant difference in MRP1 expression between RI greater than or equal to 0 and RI less than 0. There was no relationship between the sensitivity of dual-phase 99m Tc-MIBI imaging and P-gp, MRP1, and GST-π expressions in resected parathyroid tissue. The six false-negative HPT cases consisted of three P-gp (− )/MRP1 (− ) tissues, three P-gp (− )/GST-π (− ) tissues, and four MRP1 (− )/GST-π (− ) tissues.
Conclusion As P-gp and GST-π expressions were higher in tissues resected from control compared with HPT patients, 99m Tc-MIBI may wash out faster from normal parathyroid Introduction Hyperparathyroidism (HPT) is a generalized disturbance of calcium and phosphate metabolism that occurs because of the oversecretion of parathyroid hormone (PTH). HPT is characterized by increased serum PTH and calcium levels and decreased serum phosphorus levels. HPT is usually caused by parathyroid adenoma or hyperplastic glands, and rarely by parathyroid carcinomas or parathyroid cysts. In~85% of cases, primary HPT is attributable to a single benign adenoma [1] , and parathyroidectomy is the only effective treatment. In these patients, accurate location of the adenoma is critical for successful surgical intervention. Evidence suggests that B ultrasound, computed tomography (CT), and MRI have little clinical value in imaging before parathyroidectomy, whereas radionuclide scintigraphy facilitates functional imaging of the parathyroid and is considered the superior imaging modality for preoperative parathyroid localization, especially in ectopic HPT [2, 3] . Technetium-99m methoxyisobutylisonitrile ( 99m Tc-MIBI) was first applied to parathyroid imaging in 1989 [4] , and in 1992, dual-phase 99m Tc-MIBI imaging was used to diagnose HPT [5] . Since then, dual-phase 99m Tc-MIBI imaging has shown a high detection rate for parathyroid adenoma, with sensitivity and specificity reported at 39-90% and 94%, respectively [5] [6] [7] [8] [9] [10] . 99m Tc-MIBI is a lipophilic cation complex; its uptake by a tissue represents the presence of actively functioning mitochondria, and is therefore a measure of a tissue's oxidative burden [11] . The mechanism of dual-phase
This is an open-access article distributed under the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to download and share the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal. 99m Tc-MIBI imaging in HPT involves uptake of 99m Tc-MIBI by mitochondria-rich oxyphilic cells in parathyroid adenomas [8, 12] , whereby 99m Tc-MIBI tracer uptake has been correlated with oxyphilic cell content, volume of parathyroid lesions, and the functional status of parathyroid adenomas [13, 14] . Furthermore, 99m Tc-MIBI is more rapidly washed out from healthy thyroid tissue than abnormal parathyroid glands, providing good target-to-background activity [5, 15, 16] . Although this evidence provides an explanation for the mechanism of dual-phase 99m Tc-MIBI parathyroid imaging, it is likely that other factors are involved. As preoperative localization of abnormal parathyroid glands by dual-phase 99m Tc-MIBI imaging may improve patient outcomes and reduce the duration and cost of surgery for HPT, further investigations are warranted [17, 18] .
Tissue expression of multidrug-resistant proteins, such as P glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1), may play a role in the mechanism of dual-phase 99m Tc-MIBI parathyroid imaging. Multidrugresistant proteins are members of the ATP-binding cassette transporter family, which move drugs and their metabolites across cell membranes [7] . In-vivo and in-vitro studies [19] [20] [21] show that 99m Tc-MIBI is a suitable transport substrate for P-gp [22, 23] and MRP1 [20] , and overexpression of P-gp or MRP1 can result in an efflux of 99m Tc-MIBI from tumor cells and lead to falsenegative results in dual-phase 99m Tc-MIBI imaging. However, currently, the association between P-gp and MRP1 expression and false-negative results in dualphase 99m Tc-MIBI imaging is controversial [7, 19, [24] [25] [26] .
The glutathione S-transferase (GST) system is involved in the metabolism of various cytotoxic agents and increased drug resistance [26, 27] . GST is a multifunctional protein and GST-π is predominantly expressed in tumors. To the authors' knowledge, there are no reports on the association between 99m Tc-MIBI efflux and GST-π expression in the parathyroid.
The aim of this study was to further elucidate the mechanisms of dual-phase 99m Tc-MIBI parathyroid imaging by exploring the association between early uptake results (EUR), delayed uptake results (DUR), and the retention index (RI) in dual-phase 99m Tc-MIBI parathyroid imaging and P-gp, MRP1, and GST-π expressions in HPT.
Patients and methods

Study design
Patients diagnosed with HPT undergoing a parathyroidectomy at our hospital from 2011 to 2015 were eligible for this study. Control tissues were obtained from patients who had their parathyroid glands resected during thyroidectomy for thyroid cancer. Control patients had no history or clinical symptoms of parathyroid disease, and normal serum levels of PTH, calcium, and phosphorus.
Dual-phase 99m Tc-MIBI parathyroid scintigraphy (planar and SPECT/CT) was performed in HPT patients before parathyroidectomy. The presence of P-gp, MRP1, and GST-π proteins was investigated in resected HPT and control parathyroid tissues by immunohistochemistry. The protocol for this study was approved by the Ethics Committee of the Firth Affiliated Hospital, School of Medicine, Xi'an Jiaotong University (Xi'an, China), and written informed consent was obtained from all participants. 99m Tc-MIBI was injected intravenously into all HPT patients. After 15 min, dual-phase planar static imaging of the cervical and thoracic area in the anterior view was performed (early phase) using a large-field gamma camera (Siemens, Erlangen, Germany) with a low-energy highresolution collimator, a 20% energy window centered at a 140-keV photopeak, a 128 × 128 matrix size, a 1.45 zoom factor, and 500 k counts/view. The delayed phase was performed 120 min after the 99m Tc-MIBI injection. SPECT/CT fusion tomography was performed 30 min after the 99m Tc-MIBI injection using a Symbia T16 scanner (Siemens, Erlangen, Germany).
Immunohistochemistry stain
All resected HPT and control parathyroid tissues were immediately fixed in 10% formalin, embedded in paraffin, and sliced into 4 μm sections. Primary antibodies were the mouse anti-human monoclonal antibodies C494 (anti-P-gp), QCRL1 (anti-MRP1, mouse no. ab3369; Abcam, Shanghai, China), and 353-10 (anti-GST-π, EIivision super kit; Fuzhou Maixin Biotechnology Development Co. Ltd., Fuzhou, China). P-gp, MRP1, and GST-π proteins were detected using the EIivision super kit, according to the manufacturer's instructions. Positive controls were tumor tissue samples known to stain positive for P-gp, MRP1, or GST-π; negative controls were represented by replacing the primary antibody with PBS.
Evaluation of dual-phase 99m Tc-MIBI imaging
Data were evaluated using visual and semiquantitative analysis. For visual evaluation, dual-phase 99m Tc-MIBI images were interpreted independently by two experienced nuclear medicine physicians who were blinded both to the surgical results and to histopathologic diagnoses. A positive dual-phase 99m Tc-MIBI parathyroid image for HPT was 99m defined as a focal concentration of 99m Tc-MIBI in the early phase, which became increasingly concentrated or showed a fixed concentration in the delayed phase. For semiquantitative analysis of dual-phase 99m Tc-MIBI positive imaging, a region of interest was defined manually on the lesion in early and delayed imaging; an identical background region of interest was drawn over the deltoid muscle on the contralateral side. The uptake ratio and RI were calculated using the formulae: uptake ratio = mean lesion count/mean contralateral tissue count, RI = (DUR − EUR)/EUR [27, 28] . No semiquantitative analysis was carried out for 99m Tc-MIBI negative imaging [29] .
Scoring of immunoreactivity
Positive P-gp or MRP1 expression was observed on the cell membrane and/or the cytoplasm (Fig. 1) , whereas GST-π was present in the cytoplasm and nucleus (Fig. 2) . Immunohistochemical staining was evaluated independently by two investigators using the intensity and the degree of stain. Semiquantification was performed under a transmission electron microscope by randomly selecting 10 high-power fields and counting 100 cells in each field. The intensity of nuclear stain was scored as 0, achromatic; 1, light yellow; 2, brownish yellow; or 3, brown. The degree of nuclear stain was scored as 1 when 0-25% of the nuclei were stained, 2 when 26-75% of the nuclei were stained, and 3 when 76% or more of the nuclei were stained [30] . Both parameters were summed to obtain a final score: less than or equal to 4 was considered a negative result and greater than or equal to 5 was considered a positive result.
Statistical analysis
Data were analyzed using SPSS, version 18.0 (SPSS Inc., Chicago, Illinois, USA). Continuous data are expressed as mean SD. Between-sample differences were evaluated using a group-design t-test; differences between multiple samples in the group design were assessed using singlefactor analysis of variance (one-way analysis of variance). The χ 2 -statistic was used to compare categorical variables. Statistical significance was set at P less than 0.05.
Results
A total of 74 patients diagnosed with HPT undergoing a parathyroidectomy at our hospital were included in this study. Among these patients, there were 28 men and 46 women; patients' mean age was 48.6 15.6 (range: 10-77) years. Preoperative dual-phase 99m Tc-MIBI parathyroid scintigraphy (planar and SPECT/CT) was performed to locate the lesion causing HPT. Postoperative pathology was as follows: parathyroid adenoma: 23 cases, parathyroid hyperplasia: 46 cases, parathyroid carcinoma: four cases, and parathyroid cyst: one case. The control group included 39 samples of normal parathyroid tissue. Among the control patients, there were 13 men and 26 women. The mean age of the patients in the control group was 40.15 12.91 (range: 15-68) years. 99m 
Tc-MIBI imaging
The positive rate of dual-phase 99m Tc-MIBI imaging was 91.89% (68/74) and the false-negative rate was 8.11% (6/74). Using RI greater than or equal to 0 as the semiquantitative threshold for the presence of HPT in the 68 positive cases in dual-phase 99m Tc-MIBI imaging, the true-positive and false-negative rate was 67.65% (46/68) and 32.35% (22/68), respectively. P-gp, GST-π, and MRP1 expressions P-gp, MRP1, and GST-π were detected in parathyroid tissues resected from the control and HPT groups P-gp expression in normal parathyroid (a) and primary hyperparathyroidism (b). P-gp, P-gylcoproetin.
( Table 1 In the control group, the rate of GST-π-positive expression was significantly higher than the rate of P-gp-positive (χ 2 = 10.0, P = 0.002) or MRP1-positive (χ 2 = 21.9, P < 0.0001) expression, but there was no significant difference in the rate of P-gppositive and MRP1-positive expressions (χ 2 = 2.75 P = 0.097). There were no significant differences in the rates of P-gp-positive, MRP1-positive, and GST-π-positive expressions in the HPT group (χ 2 = 3.173, P = 0.205).
RI in 99m Tc-MIBI imaging and P-gp, MRP1, and GST-π expressions in HPT
The correlations between EUR and DUR in dual-phase 99m TC-MIBI imaging and P-gp, MRP1, and GST-π expressions in parathyroid tissue resected from the HPT group are shown in Table 2 . EUR were significantly higher in the parathyroid of HPT patients with resected tissues positive for P-gp or GST-π expression than those negative for P-gp or GST-π expression. The relationships between dual-phase 99m Tc-MIBI imaging and P-gp/ MRP1, P-gp/GST-π, and GST-π/MRP1 expressions in HPT are shown in Tables 3-5 , respectively. The six false-negative cases consisted of three P-gp (− )/MRP1 (− ) tissues, three P-gp (− )/GST-π (− ) tissues, and four MRP1 (− )/GST-π (− ) tissues. The relationship between RI in dual-phase 99m Tc-MIBI imaging and the expression of P-gp, MRP1, and GST-π in resected tissues is shown in Table 6 . There was a significant difference in MRP1 expression between the RI greater than or equal to 0 and the RI less than 0 groups.
Discussion
The aim of this study was to further elucidate the mechanisms of dual-phase 99m Tc-MIBI parathyroid imaging by exploring the association between EUR, DUR, and RI and P-gp, MRP1, and GST-π expressions in HPT. Findings showed that the positive rate of dualphase 99m Tc-MIBI imaging for detecting parathyroid lesions in our patient population was 91.89% (68/74) and the false-negative rate was 8.11% (6/74). P-gp, MRP1, and GST-π expressions were low in tissues resected from patients with HPT. EUR in dual-phase 99m Tc-MIBI imaging were associated with P-gp and GST-π expressions, and DUR were associated with MRP1 expression. There was no relationship between the sensitivity of dual-phase 99m Tc-MIBI imaging and P-gp, MRP1, and GST-π expressions in resected parathyroid tissue.
These findings may further explain the mechanism of localization of parathyroid lesions by dual-phase 99m Tc-MIBI imaging. Our results showed that the GST-π expression in normal parathyroid (a) and primary hyperparathyroidism (b). GST-π, glutathione S-transferase-π. Comparison between the control group and the HPT group: P-gp, χ 2 = 5.976, P = 0.015; GST-π, χ 2 = 20.474, P = 0.000; MRP1, χ 2 = 0.071, P = 0.789. GST-π, glutathione S-transferase-π; HPT, hyperparathyroidism; MRP1, multidrug resistance-associated protein 1; P-gp, P-gylcoproetin. Italic values means statistically significant (P > 0.05). expressions of P-gp, MRP1, and GST-π were lower in tissues resected from patients with HPT than in control tissues. This suggests that 99m Tc-MIBI may wash out faster from the normal parathyroid tissue surrounding the lesion compared with the lesion itself, facilitating detection.
The current study showed no relationship between the sensitivity of dual-phase 99m Tc-MIBI imaging and P-gp, MRP1, and GST-π expressions in resected parathyroid tissue. There are many factors that influence the diagnosis and location of parathyroid lesions in HPT by dualphase 99m Tc-MIBI imaging, including the size of the parathyroid gland, blood flow in the parathyroid adenoma, and the secretory function and the activity of the parathyroid cells [14, [31] [32] [33] [34] [35] . In addition, autoimmune thyroid disease [16] and nonsteroidal anti-inflammatory drugs [36] may reduce the sensitivity of Tc-99m MIBI parathyroid scintigraphy. Kao et al. [37] reported that eight parathyroid adenomas with significant P-gp or MRP expression were not detected by 99m Tc-MIBI imaging, but focal 99m Tc-MIBI uptake could be found in 39 parathyroid adenomas negative for both P-gp and MRP expressions. The authors concluded that the sensitivity of 99m Tc-MIBI parathyroid imaging for localizing Table 2 Relationship between early uptake results, delayed uptake results, and retention index and P-gp, MRP1, and GST-π expressions in hyperparathyroidism MRP1, multidrug resistance-associated protein 1; P-gp, P-gylcoproetin; 99m Tc-MIBI, technetium-99m methoxyisobutylisonitrile. Table 4 Relationship between dual-phase 99m Tc-MIBI imaging and P-gp and GST-π expressions in hyperparathyroidism
Results of dual-phase 99m Tc-MIBI imaging Total Positive  68  7  9  20  32  Negative  6  0  2  1  3 GST-π, glutathione S-transferase-π; P-gp, P-gylcoproetin; 99m Tc-MIBI, technetium-99m methoxyisobutylisonitrile. GST-t, glutathione S-transferase-π; MRP1, multidrug resistance-associated protein 1; 99m Tc-MIBI, technetium-99m methoxyisobutylisonitrile. Table 6 Relationship between retention index and P-gp, MRP1, and GST-π expressions in hyperparathyroidism GST-π, glutathione S-transferase-π; MRP1, multidrug resistance-associated protein 1; P-gp, P-gylcoproetin.
parathyroid adenomas was limited by the presence of P-gp or MRP. Although several studies reported similar results [34, 38] , in accordance with our findings, others showed that P-gp or MRP1 expression was not related to the uptake of 99m Tc-MIBI in parathyroid tumors [19, 26, 39] (Fig. 3) .
The results of this study indicate that EUR in dual-phase 99m Tc-MIBI imaging were associated with P-gp and GST-π expression, and DUR were associated with MRP1 expression. The data suggest that P-gp, MRP1, and GST-π play temporally distinct roles in 99m Tc-MIBI efflux. In the early phase, the washout of 99m Tc-MIBI is influenced by P-gp and GST-π, whereas washout in the delayed phase is influenced by MRP1. Furthermore, there were no significant differences in P-gp or GST-π expression and RI in dual-phase 99m Tc-MIBI imaging. This may be because low positive expression of P-gp and GST-π in parathyroid lesions of HPT patients has little influence on 99m Tc-MIBI efflux. However, these data should be interpreted with caution as the determination of the lesion boundary when identifying the region of interest was subjective, which may introduce some inaccuracy when calculating the RI.
Conclusion
P-gp, MRP1, and GST-π expressions were low in tissues resected from patients with HPT compared with control tissues. This may further explain the mechanism of localization of parathyroid lesions by dual-phase 99m Tc-MIBI imaging. 99m Tc-MIBI may wash out faster from the normal parathyroid tissue surrounding the lesion compared with the lesion itself, facilitating detection. However, our findings suggest that there is no relationship between the sensitivity of dual-phase 99m Tc-MIBI imaging and P-gp, MRP1, and GST-π expressions in resected parathyroid tissue from patients with HPT.
